Introduction
Iron protoporphyrin IX (haem) is a particularly versatile biological molecule that is capable of an astonishingly diverse range of reactivities [1, 2] . As such, it is of continued interest to establish the relationships that exist between different classes of haem-containing proteins, and to rationalize the mechanisms by which the apo-protein structure confers specific chemical reactivities on the haem iron. Such fundamental information is of more than academic interest: it is central to a detailed understanding of the way enzymes operate and should provide a solid conceptual platform for the rational, de novo design of new catalytic enzymes. Currently, one of the most effective ways of Key words: haem. substrate. Abbreviations used: APX. ascorbate peroxidase: rAPX, recombinant pea cytosolic APX; PC, p-cresol. ' To whom correspondence should be addressed (e-mail emma.raven@le.ac.uk).
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addressing questions of this kind is using recombinant DNA technology together with highresolution crystal structure data : systematic perturbations of the protein architecture are introduced and subsequent characterization of the new variant proteins provides useful insight into the functional consequences of the mutation.
One of the most intriguing aspects of haem biochemistry and function that has yet to be fully resolved is the relationship between the peroxidase and cytochrome P450 classes of enzymes [3, 4] . Hence, although P450s are thought to utilize as part of their catalytic cycle a transient highoxidation-state intermediate [5, 6] similar to that known to be utilized in peroxidase enzymes [7] , they are able not only to catalyse the insertion of 1 mol of oxygen into substrate, a reaction which peroxidases, with a few exceptions (see below), are unable to support, but also to achieve this in an enantioselective manner. These differences in reactivity are poorly understood, but are likely to derive, at least partially, from variations in the axial ligation to the haem and the access of the substrate to the oxidized ferry1 species [1,2].
Ascorbate peroxidase (APX)
We have been interested in examining these complex relationships by systematic study of catalytic oxidations in APX [8] [19, 20] that are consistent with the formation of a porphyrin n-cation intermediate (as found in horseradish), and not a protein-based radical species as found in cytochrome c peroxidase. These observations were somewhat unexpected, since rAPX contains a tryptophan at position 179, analogous to that known [21] [22] [23] to be the site of protein oxidation in cytochrome c peroxidase.
X I X I
Compound I I + HS + APX + S' + 2H+
Substrate recognition
In addition to the known activity of APXs towards ascorbate, it is well known that these enzymes are rather indiscriminate in their choice of substrate and are able to catalyse the oxidation of nonphysiological (often aromatic) substrates, in some cases at rates comparable to that of ascorbate itself [8] . In fact, the diversity of substrate recognition is such that it is often difficult to identify a clearly perceptible physiological substrate amidst the catalytic confusion of other, non-physiological, substrates. As a result, classification of a peroxidase as an APX can be problematic and has usually been applied when the specific activity of the enzyme for ascorbate is higher than that for other substrates (although there are exceptions to this for some APXs [24] ).
For several reasons, substrate binding and recognition in APX is more complex than it might first appear. While NMR-derived distance constraints for binding of ascorbate [25] to rAPX are consistent with the existence of two distinct binding sites, one close to the 6-propionate (y-meso position) and one close to the 6-meso position of the haem, site-directed mutagenesis together with chemical modification experiments are indicative of a single ascorbate interaction at the haem edge in the region of Cys-32 and the haem propionates (close to the y-meso position). As an additional complication, for some APXs steadystate oxidation of ascorbate does not conform to normal (hyperbolic) Michaelis-Menten dependence, suggesting either allosteric effects, which seems unlikely [26] , or more than one substratebinding site [27] . Interestingly, binding and oxidation of the aromatic substrate guaiacol, which is thought to occur close to the 6-meso position [16], shows normal Michaelis kinetics. When considered in a slightly more global context, the idea that substrates of different kinds can utilize different binding locations is not inconsistent with the known behaviour of other, more well-characterized peroxidase enzymes. Hence, binding stoichiometries of greater than one have been identified under certain conditions for the cytochrome c/cytochrome c peroxidase [28] and manganese (II)/manganese peroxidase [29] interactions, and discrete binding sites for different substrates have been proposed in lignin peroxidase [30] and cytochrome c peroxidase [3 11 . In general, however, the kinetic competence of these multiple sites is more difficult to establish in an unambiguous manner and, for APX, remains unclear.
p-Cresol (PC) oxidation
As mentioned above, APX-catalysed aromatic oxidations are of special significance, since chemi-
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cal modification combined with site-directed mutagenesis experiments [ 161 have indicated that there are likely to be two binding sites on APX, one for ascorbate itself and another for aromatic substrates. We have investigated the oxidation of a typical aromatic substrate, PC, by rAPX. HPLC and GC-MS analyses of the products of the reaction of rAPX and H,O, with PC (I, Scheme 1) indicated the presence of two major products, I1 and 111. GC-MS and NMR analyses of peak I11 were consistent with the formation of 4a,9b-dihydro-8,9b-dimethyl-3(4H)-dibenzofuranone (Pummerer 's ketone). Independent chemical synthesis of this compound, using published [32] procedures, confirmed this assignment. The other product (11) yielded mass and NMR spectra consistent with the formation of 2,2'-dihydroxy-S,S'-dimethylbiphenyl (Scheme 1). These products, which are derived from reactions of the p-methylphenoxy radical (PC'), itself formed as a direct result of single-electron oxidation of PC by the enzyme, can be accommodated from the known chemistry of the radical products [33] . 
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be correspondingly low compared to [PC] and most of the radical species will react with the excess PC to give Pummerer's ketone (PC'+ PC + 111). At higher concentrations, formation of the biphenyl compound (11) is more favourable, probably as a result of higher concentrations of PC' such that dimerization of the radical (PC' + PC' + 11) becomes more favourable.
Direct evidence for two, successive, singleelectron-transfer processes and the involvement of compounds I and I1 in the mechanism of PC oxidation came from the observation (by rapid scanning spectrophotometry) of these intermediates in the reaction of ferric rAPX and H,O, with excess PC. This is entirely consistent with a mechanism in which the oxidized compound I intermediate of rAPX undergoes two, successive single-electron reductions to generate, initially, the singly oxidized compound I1 intermediate followed by regeneration of the ferric enzyme (see eqns 1-3).
Sulphide oxidation
Although steady-state oxidation of non-physiological aromatic molecules by APX has been a fairly prominent feature of much of the early literature [8], oxidation of thioethers has not been reported for an APX. Peroxidases in general are unable to support true monoxygenase activity, although they are capable of thioether oxidation and this has been studied widely [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] . However, with a few exceptions [49-521, the results are largely reported as empirical observations with no attempt at rational catalytic redesign. The availability of high-resolution crystallographic information for rAPX [14] has facilitated a structure-based rationalization of the functional differences between P450s and peroxidases : using the crystal structure [14], our molecular modelling work indicated that the distal tryptophan residue at position 41 in rAPX, which lines the active site and is approx. 55% solvent accessible, may be influential in defining the poor peroxygenase activity by partially hindering access of substrate to the haem and hence controlling the enantiomeric ratios of products. Furthermore, modelling experiments indicated that efficient conversion of rAPX into a stereoselective oxidizing agent for sulphides could be achieved with the mutation W41A. Hence, we sought to re-engineer the active site of rAPX to incorporate P450-like enantioselective sulphoxidation activity by generation of a site-directed variant of rAPX in which Trp-41 was been replaced with an alanine.
As indicated in Table 1 , the theoretical predictions were subsequently validated experimentally. Experimentally derived enantiomeric ratios for oxidation of a range of thioethers, methyl phenyl sulphide (l), ethyl phenyl sulphide (2), isopropyl phenyl sulphide (3), n-propyl phenyl sulphide (4), p-chlorophenyl methyl sulphide (5), p-nitrophenyl methyl sulphide (6) and methyl naphthalene sulphide (7), are presented in Table   1 . For rAPX, essentially racemic mixtures of Rand S-sulphoxides were obtained in all cases. In contrast, the W41A variant shows substantial Table I Experimental and modelled enantiomeric ratios (R:S) for oxidation of methyl phenyl sulphide (I). ethyl phenyl sulphide (2). isopropyl phenyl sulphide (3). n-propyl phenyl sulphide (4). While an improvement in the R : S ratio is an empirically satisfying result, we sought to obtain a more quantitative rationalization of our data based on the published [14] structure for the enzyme. A comparison of the experimental and modelled enantiomeric product ratios for the seven sulphides is given in Table 1 . There are large discrepancies (Table 1) between the experimental and modelled values for the enantiomeric product ratios in rAPX, and detailed analysis of the docking conformations for rAPX with all of the sulphides indicates that a single cluster of substrate-binding conformations is observed when the side chain of Arg-38 is located as in the crystal structure. The absolute orientation of the lone pairs of the sulphide is determined by packing constraints between its aryl ring and the hydrophobic part of Arg-38 and leads to modelled data that predict complete dominance of the R-isomer, in direct contrast to the experimental results. These discrepancies can only be corrected by reorientation of the side chain of Arg-38 in rAPX, such that access to the haem iron is much less restricted.
When the orientation of the side chain of Arg-38 is included in the analysis, there is good agreement between the experimental and modelled data. The discrepancy between the experimental and modelled values for the enantiomeric product ratios in W41A is much less, and where there is a large discrepancy (sulphides (3, 5 and 7) , there is again an overestimation of the R-enantiomer. As for rAPX, reorientation of the side chain of Arg-38 produces modelled results that closely match the experimental data (Figure 1) . When the side chain of Arg-38 is oriented as in the crystal structure of rAPX in the modelled structure for W41A, there are two major observations: (a) for sulphides 1 4 and 6 7 , there are two discrete clusters (in which either the pro-R or the pro-5' lone pair is poised for attack by the ferryl oxygen) and, in all cases, the most highly populated cluster is that in which the pro-R lone pair is poised for attack. The aryl ring occupies a distinct position in each cluster and in a given cluster the aryl ring and alkyl group are overlaid. Two clusters are observed in these cases, rather than one as seen in rAPX, because the mutation W41 A creates additional free volume in the active site, which can be occupied by the alkyl group to form the second cluster. (b) For substrate 5, there is a single cluster with the pro-R lone pair poised for attack: this results in products which are predicted to be 1 0 0~o R ( Figure 1A ). This dominance of the R-enantiomer arises because the chloride substituent of sulphide 5 clashes sterically (due to its relatively large van der Waals radius) with the haem and the alkyl group clashes with 
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Arg-38, preventing occupation of the second cluster observed for the other substrates. When the conformation of Arg-38 is modified in W41A, more space is created for the aryl group above the haem and all seven sulphides, now including sulphide 5 ( Figures 1B and lC) , form two discrete clusters in which the pro-R and pro-S lone pair, respectively, is poised for attack. These two clusters have the aryl ring in a slightly different orientation to the two clusters formed when the side chain of Arg-38 is oriented as in the crystal structure of rAPX (see above). Sulphide 5 is now included as a direct result of the W41A mutation, since steric hindrance of the alkyl group of this sulphide has been relieved. Reorientation of Arg-38 and a possible functional role in the control of substrate binding and orientation, as indicated above, is interesting. In fact, large structural rearrangements of this kind are not unprecedented in the chemistry of both the peroxidases and globins: movement of the corresponding arginine group (Arg-48) has been identified for ligand-bound derivatives of cytochrome c peroxidase [53, 54] and a functional, mobile Arg residue close to the haem has also been established for Aplysiu myoglobin [55, 56] . Indeed, Arg-38 has also been suggested [57] to have a catalytic role in horseradish peroxidase-catalysed oxidation of ferulic acid. Ultimately, the exact role of Arg-38 can only be assessed directly by sitespecific replacement; experiments of this kind are currently underway. 
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Introduction
The metalloenzymes lignin peroxidase (Lip) and laccase, secreted by filamentous fungi from the class Basidiomycetes, are the only known enzymes being able to degrade the recalcitrant plant cellwall constituent lignin. This rather heterogeneous and complex biopolymer consists of phenyl propanoid units linked by various non-hydrolysable C-C and C-0 bonds [l] . Due to their high redox potentials and their enlarged substrate range in the presence of specific mediators Lips and laccases have great potential for application in various industrial processes [2] . Lip, being a haemcontaining glycoprotein with an unusually low pH mapping and protein crystallography. 
